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SUMMARY 


The field strength necessary for the propagation of the positive point streamers, E’, is studied . 
in 1] different gas mixtures. This field strength is highly dependent on the composition of the gas. 
As an example we have: E’ is lower than 3 kV/cm in N, + A mixtures but is about 14 kV/cm in 
oxygen (atmospheric pressure). The elementary processes in the discharge that can give rise to 
the great difference in E’ are discussed and all but one must be rejected in a qualitative study. 
It is only the formation of negative ions that increases in the same way as EH’. A quantitative 
study supports the hypothesis that the increase in H’ is caused by the formation of negative ions 


in the streamer. 


List of symbols 


a, b, d Distances, defined where they are used. 


e Electronic charge. 
E Field strength. 
E’ Critical field strength, experimentally measured. 


Field strength due to a positive space charge. 

Field strength due to the increase of the negative space charge that is caused by the 
formation of negative ions. 

E, Field strength necessary to increase the drift velocity of the electrons so that the number 
of negative charges per cm in the streamer is the same when negative ions are formed as 


BE, 
E 


2 


when no negative ions are formed. 
k Mobility of the electrons at atmospheric pressure. 
Ly, L Distances, defined where they are used. 
1 Distance to the streamer tip. 


Ny Number of ion pairs produced per cm of the streamer. 

N Number of electrons per cm in the streamer when no negative ions are formed. 
nN, nN, =N, —N =excess number of positive charges. 

Ne Number of electrons per cm in the streamer when negative ions are formed, 


Number of negative ions per cm in the streamer. 

N(y) N(yn)=n_+n, =total number of negative charges per cm of the streamer. 
a Pressure. 

p(O,) Partial pressure of oxygen. 

Py Partial pressure of the gas mixed to the nitrogen (Fig. 7). 


qd Charge per unit length of a cylindrical space charge. 
o Total charge produced per cm of the streamer. 
N Positive charge per cm of the streamer, 

n= vg + 
CP Negative charge per cm of the streamer, 

Ve 
G2 =o : 
Oe Ut 

R The radius of the streamer. 
r Radius. 


l 
1 
e :-| Ue (L) LF) 
3 Yell) + 
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t Time. 

si Time, defined where it is used. 

V The voltage of the point. 

VQ The voltage difference between the plane P and the plane Q (Fig. 1). 

Ve Drift velocity of the electrons (constant, independent of 1). 

v,(l) Drift velocity of the electrons at the distance 1 from the streamer tip when negative ions 
are formed. 

Ve (1) Drift velocity of the electrons at the distance J from the streamer tip when no negative 
ions are formed. 

v(x) Drift velocity of the electrons at the distance x from the streamer tip. 


on Velocity of the streamer tip = 1.3 x 107 em/sec. 
xX X = E,/q, (Eq. 13 and Fig. 15). 
x Distance, defined where it is used. 
, 
gue 
4 ve) +e 
Ve (L) 

Zz ——— 

Ve (2) + Ut 
(od The first Townsend ionization coefficient. 
Oo Angle. 
n Attachement coefficient. 
%o Permittivity of free space. 


Introduction 


In an earlier paper [1] it was shown that the combined continuous and streamer 
corona (positive point) is very sensitive to the amount of water vapour in the air 
and therefore can be used as a fast hygrometer. Furthermore, this type of discharge 
has been observed at water drops hanging from a metal rod which is charged to a 
high potential. Consequently, it must highly affect the corona losses at high tension 
lines. 

A detailed description of the discharge was given in Part I of this investigation [2]. 
As the same experimental arrangements and the same point shape are used as in 
Part I only a short summary will be given here. 

The investigators of the pre-onset streamer discharge [3-15] used hemispherical 
points and did not obtain the streamer discharge as a self-sustaining discharge. 
In this investigation conical points are used (see Part I), and the streamers are 
obtained in a self-sustaining discharge. In Part I [2] the time distribution of the 
streamers was measured and it was found that after a streamer has been formed 
there is a dead time during which no new streamer can be formed. It was shown 
that this dead time is caused by the arrival of negative ions at the point. These 
negative ions are formed in the streamer by attachment of electrons to gas molecules. 
The negative ions formed furthest from the point determine the dead time, for the 
dead time is equal to the time needed for these ions to reach the point. 

In this part of the investigation the field strength necessary for the streamer 
propagation has been measured in a number of different gas mixtures. This field 
strength is very much dependent on the composition of the gas in the corona gap. 
Many of the elementary processes are the same in breakdown streamers as in the 
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streamers from a positive point. Consequently, it is of great importance to find out ; 
which of these processes exert a great influence on the field necessary for the streamer ° 
propagation. A thorough discussion of this is given below. 

As we know that the negative ions formed in the streamer prevent the streamer ’ 
formation and cause a dead time, it is easy to find which factors determine the length | 
of this dead time. These factors must be the drift velocity of the negative ions and | 
the length of the streamers. The drift velocity is dependent on the field strength | 
and the composition and pressure of the gas. The length of the streamers is above : 
all determined by the field strength and the composition and pressure of the gas, , 
but also the shape and arrangement of the electrodes and some other factors exert a , 
certain influence. In point-to-plane geometry an increase in the length of the : 
streamers greatly affects the length of the dead time. The field strength decreases 
rapidly with increasing distance to the point; the greater the distance to the point, 
the longer the time required for the ions to move a certain distance. 


A. EXPERIMENTAL PART 
1. The critical field strength 


If the voltage pulses across a resistance in series with the streamer discharge are 
studied on an oscilloscope screen we observe that all the voltage pulses have about 
the same height (Part I, Fig. 4). Of course it is supposed that no factor that can 
affect the streamer formation is altered. On taking this into consideration, it is 
plausible to suppose that about the same number of electrons and positive ions are 
produced in each streamer and that all the streamers have about the same length. 
Consequently, it is to be expected that the streamers cannot propagate in a space 
where this field strength is lower than a certain value. Of course this value is depen- 
dent on the pressure and composition of the gas and a number of other factors. 
A close investigation of this dependence can hardly be made in the highly non- 
uniform field in point-to-plane arrangement, where it is almost impossible to deter- 
mine the field strength. However, the arrangement shown in Fig. 1 can be used. 


Fig. 1. The arrangement used for measurement of the critical field strength. The streamers are 
formed at S, pass through the hole H and reach the plane Q. The distance d can be varied by 
turning the threaded rod Z. 
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Fig. 2. The potential difference Vg between the planes P and @ as a function of d. Vg is the 
potential difference when some of the streamers reach the plane Q. E’ is equal to the slope of 
the lines. 


The arrangement shown in Fig. 1 consists of the three electrodes S, P, and Q, 
which are fitted in a container made of perspex. The streamers are formed at the 
point S, the shape of which is the same as that shown in Fig. 2, Part I. The electrode 
P is a plate in which a hole H has been drilled opposite to the point. The third 
electrode Q consists of a plate placed parallel to the plane of P. The distance between 
the two planes is d. The plate Q is supported by the metal rod Z, the outer end of 
which is threaded. The distance d can be changed by turning the rod. 

If the distance between the point S and the plane P is about the same as the length 
of the streamers—that is, a few millimetres, and if the field strength in the space 
between the planes is sufficiently high, the streamers pass through the hole H 
and do not stop until they reach the plane Q. Streamers of different length can be 
obtained by varying d. Since the field strength is not uniform in the neighbourhood 
of the hole, the field strength necessary for streamer propagation must be deter- 
mined by plotting Vg as a function of d, where VQ is the voltage difference between 
the two plates P and Q. In all measurements that have been carried out Vg has been 
found to be a linear function of d. Consequently, the field strength necessary for the 
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propagation of the streamers is independent of the distance d and equal to the slope | 
of the line. It must be observed that in many cases this field strength is much lower ' 
than that necessary for breakdown. Thus for air at atmospheric pressure the field | 
strength necessary for streamer propagation is about 4 kV/cm whereas that necessary 
for breakdown is 20-30 kV/cm. 

It is necessary to define the field strength required for streamer propagation more 
strictly than above. This can be done in the following way. If streamers are formed 
at the point S (Fig. 1), and the field strength in the space between the planes is 
increased from zero, this field strength finally reaches a value EZ’, at which some 
streamers reach the plane Q. If all the streamers are to reach the plane, a somewhat 
higher value EH’ + AH’ =E" is needed, where AE’ is generally less than 0.1 -H’. As 
E’ is well defined and easy to measure, it will be chosen as the value of the field 
strength necessary for streamer propagation and will be called the critical field 
strength for streamer propagation (generally shortened to critical field strength). 
It would perhaps be more correct to call H’ + }AE’ the critical field strength as this 
is a mean value, but the measurement of this field strength is much more difficult 
than the measurement of H’. 

When E’ was measured, the point S (Fig. 1) was grounded via a condenser of 
0.2 uF and a resistance of 1 kQ. A cathode ray oscilloscope was connected over this 
resistance. When this arrangement is used it is easy to adjust to the voltage Vo, 
at which a few streamers reach the plane Q, because the voltage pulses on the screen 
are deformed by the appearence of negative ions that are formed by the electrons 
emitted from the plane Q (see Part I, [2]). This method, however, cannot be used 
if the number of negative ions formed in the streamer is relatively small. In this case 
the simplest way is to use a photomultiplier in about the same way as described 
by Amin [12]. The result of a measurement of H’ is shown in Fig. 2. The points 
are the measured values of Vg. H’ is determined from the slope of the lines. 

The critical field strength EH’ is affected by different factors. It is especially the 
composition of the gas that determines the value of HZ’, but also the point voltage, 
the point—plane distance, and the shape of the point; other geometrical factors also 
have a certain influence. 


2. The dependence of E’ on the point voltage and the point—plane distance 


When the critical field strength is measured with the arrangement described 
above, the point—plane distance (Fig. 1) must, of course, be adjusted so that the 
streamers reach the hole H, independent of the field strength in the space between 
the planes. If this were not the case, they would have to pass a space where the 
field strength could be lower than in the space between the planes. The relation © 
between the critical field strength and the point voltage at different point-plane 
distances is shown in Fig. 3. The measurement was made in a mixture of N, and O, 
with 51.7% O,. The point was placed at the distances 0.5, 1.0, 1.5, and 2.0 mm from 
the plane P, which was about 0.4 mm thick in the centre. The diameter of the hole 
H was 3.0 mm. 

The critical field strength is low at low and high values of the point voltage and 
has a maximum at a few hundred volts above onset. This shape of the curve is 
independent of the point—plane distance, if this distance is not too large. The distance 
2.0 mm is in this case about the same as the length of the streamers with zero field 
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Fig. 3. (a) The critical field strength as a function of V for different distances between the point 
S and the plane P (Fig. 1). N,+O,, 51.7% O,, atmospheric pressure. (b) Vg as a function of 
V (d=25 mm). Vg and £’ obtain maximum values at the same value of V. 


between the planes. Owing to this, the shape of the curve 2.0 mm is different from 
that of the others at low voltages. An increase of the point voltage above 4000 volts 
causes a further decrease of the critical field strength, but this decrease becomes less 
and less the higher the voltage. Of course, at a sufficiently high voltage breakdown 
occurs. What has been said above concerning the dependence of the critical field 
strength on the point voltage and the point—plane distance is essentially valid also 
for other gas mixtures and pressures used in this work. 

At small distances between the point and the plane the curves are displaced towards 
lower voltages, but the shape of the curve is essentially the same. Considering this, 
we can say that a decrease of the point—plane distance causes a decrease of the 
critical field strength. Thus the maximum value increases from 8.00 kV/cm at a 
distance of 0.5 mm to 8.75 kV/cm at 2.0 mm. A similar dependence of the critical 
field strength on the point—plane distance—that is, a change of about 10% has been 
observed in other mixtures of N, and Og. 

When the measurements of the critical field strength were made in gas mixtures 
containing argon or helium a somewhat different setup was used than that described 
above. The reason for this is the following. If the point is placed opposite to the hole, 
as shown in Fig. 4a, it is very difficult to get a self-sustaining streamer discharge in 
gas mixtures containing argon or helium because breakdown occurs very easily. 
It was, therefore, necessary to make the diameter of the hole H greater (8 mm) and 
to place the point as shown in Fig. 46. If this arrangement is used the risk of break- 
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microscope 


Fig. 4. (a) and (b) Different arrangements of the point S and the plane P. The diameter of the } 
hole H is (a) 3.0 mm, (b) 8.0 mm. In (c) a tube is used as negative electrode (cf. text). . 


down is rather small and the critical field strength can be measured. Consequently, 
this arrangement has been used at the measurements of the critical field strength 
in the following gas mixtures: N, + A, N, + H, + A, N, + He, A + O,, and A + CC 
(see below). 

As we have seen above, the critical field strength is dependent on the point— 
plane distance. Hence, it is not surprising if the values measured with the point 
placed as shown in Fig. 4b are somewhat different from those obtained with the 
arrangement in Fig. 4a. Experimentally it has been found that this difference is 
small for low values of the critical field strength but for high values it is more impor- 
tant. Thus in oxygen the measured value of the critical field strength is 14 kV/cm, 
if the arrangement in Fig. 4a is used, and 11 kV/cm, if that in Fig. 46 is used. This 
must be observed when we compare the values of the critical field strength obtained 
by using the different arrangements in Fig. 4. 


3. Measurement of the critical field strength 


A preliminary investigation of the possibilities of measuring the critical field 
strength in gas mixtures showed that the N, + O, mixtures were particularly suitable. 
Thus streamers are formed if the amount of oxygen exceeds about 35%, and with 
the admixture of some per cent of argon streamers are obtained with as low an 
amount of oxygen as 25%. The streamer pulses seen on the oscilloscope screen are 
very regular with the exception of the case where the amount of oxygen exceeds 
about 95%. In this case there is a rather large variation in the height of the pulses. 
The critical field strength has always an easily measurable value, since it is always 
considerably lower than the field strength necessary for breakdown. There is no 
difficulty in reproducing the measurements, and the difference between the values 
of two measurements of the critical field strength is generally less than 3-4%. 
Nitrogen and oxygen for use in the measurements were taken from commercial tanks. 
The gases had been produced by distillation of liquid air. 

The arrangement shown in Fig. 1 was used for the measurements, and these 
were carried out as described on page 445. The diameter of the hole H was 3.0 mm 
and the distance between the point and the plane was 1.5 mm. Measurements have 
been made in the pressure range 200-760 mm Hg and the amount of oxygen has been 
varied between 28 % and 100 %. The lowest pressure at which streamers are formed 
is dependent on the percentage of oxygen but is always greater than about 200 mm 
Hg. It is higher, the lower the percentage of oxygen. At atmospheric pressure it is 
hardly possible to obtain streamers at a percentage of oxygen lower than about 
35%. In spite of this it has been possible to make a measurement at 28%, but in 
this case an admixture of about 5% of argon was used. The argon facilitates the 
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Fig. 5. E’ for N,+0O, mixtures as a function of the pressure p at different percentages of O,. 


streamer formation but affects the critical field strength only slightly, which has 
been checked at higher percentages of oxygen. 

As the critical field strength is not independent of the point voltage, it is necessary 
to define a voltage at which the measurements must be made. Otherwise results 
obtained at different pressures cannot be compared. One possibility is to choose a 
constant potential independent of the pressure, but this is only possible within a 
small pressure range, as breakdown occurs at low pressures. Another possibility 
is to change the point—plane distance and use a constant potential, but this makes 
it impossible to investigate the whole pressure range within which streamers are 
formed, as the point voltage at low pressures is too high. In this case no streamers 
are formed (cf. Part I [2]). Consequently, the voltage must be adjusted to the pressure, 
and fortunately this can be done by using the relation in Fig. 3. 

Even if the voltage range within which streamers are formed is rather small, 
there is always some value of the point voltage at which the critical field strength has 
a maximum (on the assumption that the point—plane distance is not too large). 
Hence the point voltage has been chosen so that the critical field strength is maxi- 
mum. The simplest way to determine this value of the voltage is to choose a rather 
large value of d and then adjust the point voltage so that Vg is maximum. The rela- 
tion between Vg and the point voltage is shown in Fig. 36 for d=25 mm and a 
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Fig. 6. H’ for N, +O, mixtures as a function 
of the percentage of oxygen. The pressures 
are from above 760, 700, 600, 500, 400, 300, 
0 and 200 mm Hg. 
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point—plane distance of 1.5 mm. From the figure it is clear that Vg has its maximum 
at the same voltage as H’. If d is small, this does not generally hold, because in this 
case the change of the point voltage affects Vg to a fairly considerable extent. 

The two gases N, and O, were mixed in the container in the desired proportions, 
and H’ was measured at a number of different pressures. This was then repeated 
with other mixtures. In Fig. 5 the measured values of H’ are plotted against the total 
pressure of the gas mixture. 

From Fig. 5 it is clear that, independent of the percentage of oxygen, there is 
approximately a linear relation between the critical field strength and the pressure. 
From the curves in Fig. 5 we can determine the critical field strength at 760, 700, 
600, 500, 400, 300, and 200 mm Hg. The values obtained in this way are plotted 
in Fig. 6, where the critical field strength is shown as a function of the percentage 
of oxygen at the pressures just mentioned. From the figure it is clear that at constant 
pressure the critical field strength is a linear function of the percentage of oxygen, 
if this is less than 92. The straight lines drawn in the figure intersect at a point for 
which the percentage of oxygen is zero. 

The critical field strength was also measured in a number of other gas mixtures 
(Fig. 7). All these gas mixtures contained nitrogen. As a rule only one other gas was 
admixtured to the nitrogen. However, when the gas mixture contained hydrogen it 
was necessary to use an admixture of some per cent of argon, because otherwise 
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Fig. 7. EH’ for a number of gas mixtures N, plus another gas. p is the total pressure and Pp, is 
the partial pressure of the gas mixed to the nitrogen. 


no streamers were formed. For simplicity, a constant point voltage was used and 
consequently the measured value of the critical field strength is somewhat lower 
than the maximum value. 

The result of the measurement is whon in Fig. 7. The partial pressure of the mixed 
gas is denoted by p, and the total pressure by p. The critical field strength ZH’ is 
given as a function of p,/p. All the measurements have been made at atmospheric 
pressure and room temperature. The influence of the different gases on the critical 
field strength will be discussed below. Here we concentrate our attention on the fact 
that the admixture of argon and hydrogen has only a relatively small influence on 
the critical field strength. On the other hand only very small amounts of CCl, and 
freon are needed to increase the critical field strength considerably. The critical ~ 
field strength in nitrogen + helium mixtures (not shown in the figure) is about the 
same as that in nitrogen + argon mixtures. The critical field strength in nitrogen 
with an admixture of small amounts of another gas is 3 kV/cm, independent of which 
gas is mixed to the nitrogen. No streamers are formed in pure nitrogen. 

The rather simple relation (Fig. 6) found above between the critical field strength 
and the composition of the gas mixture is somewhat surprising. One must take into 
consideration that in explaining the streamer mechanism it is necessary to resort 
to many different elementary processes. Thus excitation, photon production, photon 
absorption, photo-ionization, ionization by electrons, and the formation of positive 
space charges and negative ions must play an important role in the streamer mecha- 
nism. However, the rather simple relation allows us to suppose that only a few 
or perhaps simply one elementary process plays the determining role for the critical 
field strength, whereas the effect of the others is more or less unimportant. Un- 
fortunately, our knowledge about most of the elementary processes is still very 
limited. Consequently, it is impossible to make a quantitative calculation of their 
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influence on the critical field strength. Furthermore, the streamer mechanism is | 
very complicated and only qualitatively explained. We must, therefore, confine | 
ourselves to making a qualitative discussion of the possible influence of the different | 
elementary processes on the critical field strength. 


4. What determines the critical field strength? 


Before we discuss the influence of the different elementary processes on the critical 
field strength we must try to understand in what way the applied field affects the 
field strength in the streamer, and especially the field strength in the head of the 
streamer. According to the streamer theory [16], we have a very high concentration 
of positive ions and a comparatively low concentration of electrons in the head of 
the streamer. This results in a very high field strength in the streamer head and 
just in front of it. This field strength must be of the order of 100 kV/cm, otherwise 
the necessary intense ionization would not be possible. However, one can also say 
that the high field strength gives rise to the low concentration of electrons, and 
consequently the positive space charge must be great. From this discussion it follows 
that the high field strength and the great positive space charge are so intimately 
connected to each other that it is impossible to decide which of them gives rise to 
the other. Consequently, it is impossible to understand the mechanism of the streamer 
propagation if we direct our attention solely to the processes in the streamer head. 
It is necessary to study what happens in the region behind the head of the streamer, 
because, as will be seen below, the field strength in this region almost completely 
determines the conditions in the head of the streamer. 

Let us suppose that a certain number, 7», of electrons and an equal number of 
positive ions are produced per cm of the streamer. The mobility of the positive ions 
is about 100 times less than that of the electrons [17] and the velocity of the streamer 
tip is about 107 cm/sec (see page 458)—that is, the time during which the ions are 
affected by a high field strength is very short (of the order of 10- sec), for the region 
of high field strength is of the order of 10 x 10-3 cm (Fig. 15). Consequently, the 
positive ions can be considered to be at rest during the time of formation of the 
_ Streamer. This means that we have n positive ions per cm of the streamer and a 

number of electrons that can be expected to be different in different parts of the 
streamer, for the number of electrons per cm of the streamer, N, varies with the 
field strength. As will be seen below, N can be greater than n, only if the electrons 
move in the direction from the point to the streamer tip. 

At a distance of more than about 1 mm behind the streamer tip, the field strength, 
owing to the space charge of the streamer, is of the order of the applied field strength 
(see below). Just behind the head of the streamer the field strength must be rather — 
small because the positive space charge in the head of the streamer gives rise to a 
field that counteracts the applied field in this region. As mentioned above, the 
streamer theory is built on the assumption that the field strength is very high in 
the head of the streamer. Consequently, we can say that the field strength is of the 
order. of the applied field strength in all parts of the streamer with the exception of 
the streamer head. 

If we increase the applied field strength (for instance, from 5 kV/cm to 7 kV/cm) 
the relative increase of the field strength becomes rather small (some per cent) in 
the head of the streamer, but in all other parts of the streamer the relative increase 
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becomes much more important. This means that the increase of the drift velocity 
of the electrons becomes rather important in the whole space behind the streamer 
head. But if the drift velocity of the electrons behind the streamer head is increased, 
the number of electrons removed from the streamer head must increase and conse- 
quently n, =, — N must increase as well—that is the excess positive space charge 
must increase. Therefore an increase of the applied field strength must affect the 
field strength in front of and in the streamer head in an indirect way. This indirect 
action must have a much greater influence on the field strength than the direct 
addition of the applied field strength. Consequently, the essential task of the applied 
field must be the removal of electrons from the region just behind the head of the 
streamer, and it is of great importance that we direct our interest also to the region 
behind the head of the streamer. 

The applied field sufficient for the propagation of the streamer is so weak that 
the ionization by electrons must be negligible, if no space charge distorts the field. 
Consequently, almost all the ions must be produced in the head of the streamer and 
just in front of it. Parallel to this ion production there is also an intense production 
of photons. According to the streamer theory a great many of these photons are 
able to ionize the gas. Each of the electrons produced by photo-ionization in front 
of the streamer starts an avalanche. The size of the avalanches is dependent on the 
field strength: the higher the field strength, the larger the avalanches and the greater 
the number of ion pairs produced. 

We can now discuss the influence of the different elementary processes on the 
critical field strength. As mentioned above, the following processes are of importance 
for the streamer propagation: 


a) ionization by photons, 

b) ionization by electrons, 

c) the drift velocity of the electrons, 

d) the formation of negative ions by attachment of electrons to molecules and 


atoms. 


( 
( 
( 
( 


(a) Ionization by photons 


Let us assume that the parameters of all processes with the exception of the photo- 
ionization are constant. If the photo-ionization increases—that is, if more primary 
electrons are produced per cm? in front of the streamer— the number of avalanches 
increases. This means that if the field strength is constant the number of ions produced 
per cm of the streamer increases. This gives rise to an increase in the positive space 
charge and in the field strength owing to this space charge. Hence it is possible for 
the streamer to propagate, if the applied field is decreased. In the same way a 
decrease in the photo-ionization must be compensated by an increase in the applied 
field strength. 

It is very difficult to draw any conclusions concerning the influence of the photo- 
ionization on the critical field strength, because we do not know whether the photo- 
ionization increases or decreases, if a certain gas is mixed to the nitrogen. All that 
we know is the ionization potentials of the different gas molecules. The ionization 
potentials of the gases of interest here are given in Table 1 [18, 19, 20]. 

If a gas with low ionization potential is mixed to the nitrogen we would expect 
that the critical field strength would be lower than if a gas with high ionization 
potential is mixed to the nitrogen. We would expect that many of the photons emitted 
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Table 1. Ionization potentials in volts. 


eS ee 


He 24.6 H,O 13.0 CCl,F, 11.7 
A 15.8 N,O 12.9 CLiatiie 
N, 15.6 HCl 12.7 CCl, 11.5 
H, 15.4 Oz 12.2 NH, 10.3 


by the nitrogen molecules would be able to ionize the molecules mixed to the nitrogen 
if the ionization potential of these is lower than 15.6 volts. These photons are not 
able to ionize the molecules of a gas, the ionization potential of which is higher 
than 15.6 volts. 

If we study Table 1 we find that only helium and argon have an ionization potential 
that is higher than that of nitrogen. Consequently, we would expect the critical 
field strength in N, + He and N, + A mixtures to be greater than 3 kV/cm. But this 
is not the case. On the other hand the critical field strength in N, + O,, N, + CCl, 
mixtures and so on is higher than 3 kV/cm, in spite of the ionization potential of 
O,, CCl,, and so on, being lower than 15.6 volts. 

The photo-ionization efficiency has been measured by Weissler et al. From these 
measurements [18, page 318], it is difficult to understand why the critical field 
strength in N, + O, mixtures increases with the amount of oxygen, if it is determined 
by the photo-ionization. Of course, it is not possible to draw any definite conclusions 
because we do not know how many photons are generated in the streamer head. The 
number of photons probably depends on the composition of the gas. But although it 
is not excluded it seems rather improbable that the variation of the critical field 
strength is due to a variation of the photo-ionization. 


(b) Ionization by electrons 


As several measurements of the first Townsend coefficient « have been made 
[21-25], it is easier to make conclusions concerning the influence of the ionization 
by electrons on the critical field strength than to decide whether the photo-ionization 
determines the critical field strength or not. The value of « is lowest for nitrogen, 
somewhat higher for air and highest for oxygen. Consequently, if we suppose the 
field strength to be constant, the ionization must increase with the percentage of 
oxygen, if x increases. According to the discussion above (page 453), this means that 
there is no need for an increase in the critical field strength, if the percentage of 
oxygen is increased. Consequently, it seems very improbable that the variation of 


a in N, + O, mixtures can give rise to such a great difference in the critical field 
strength as shown in Fig. 6. 


(c) The drift velocity of the electrons 


Let us assume that the parameters of all processes with the exception of the drift 
velocity of the electrons are constant. The effect of the two processes discussed 
above is limited to the region of the streamer where the field strength is very high. 
This is not the case with the processes that will be discussed below. As mentioned 
above, the excess number of positive charges n , is dependent on the drift velocity 
of the electrons, not only in the head of the streamer but also just behind it. As 
soon as the electrons have left the space of high field strength their drift velocity is 
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determined to a great degree by the applied field. The more rapidly the electrons 
move, the smaller is the space charge effected by them and the higher the field 
strength in the streamer head. The number of electrons per cm of the streamer is 
derived on page 460. When no negative ions are formed it is 


Ur 
NM TO) +e’ 

where 7, is the number of ion pairs produced per cm of the streamer, v,(l) the drift 
velocity of the electrons, and v, the velocity of the streamer tip. Of course, v, (1) is a 
function of the distance to the streamer tip. If the mobility of the electrons is 
decreased, the drift velocity of the electrons decreases. Consequently, the number 
of electrons per cm increases and the field strength due to the excess positive 
space charge decreases. Therefore it is necessary to increase the applied field strength 
if the streamer is to be able to propagate. 

As the mobility of the electrons is different in different gases, its influence on the 
critical field strength must also be different. The mobility of the electrons is greater 
in oxygen than in nitrogen [17]. From the values of the mobility of electrons in air 
we can expect the mobility in a N, +O, mixture to vary approximately linearly 
with the percentage of oxygen. In order to obtain the same value of v; (1), it is neces- 
sary to use a higher field at a low percentage of oxygen than at a high one. But this 
is in contradiction to the experimental facts; and the conclusion must be that this 
process cannot explain the variation of the critical field strength. 


(d) The formation of negative ions 


Now there remains only one process which probably can explain the critical field 
strength. If electrons in the streamer are attached to molecules and atoms, the nega- 
tive space charge is increased because the negative ions move slowly compared to 
the electrons. As the attachment occurs especially behind the head of the streamer, 
it causes an important lowering of the resulting field strength in this region. This 
means that the electrons move more slowly than if no negative ions were formed, 
and the positive space charge is decreased, not only due to the negative ions but also 
due to an increase of the space charge of electrons. In order to increase the drift 
velocity of the electrons it is necessary to increase the applied field. Hence, if a gas, 
the attachment probability of which is high, is mixed to nitrogen, a high critical 
field strength is to be expected. On the other hand if the attachment probability is 
low, we must have a low critical field strength. This assumption is supported by the 
observation that the number of negative ions formed in the streamer is great, if 
the critical field strength is high. The formation of negative ions in the streamer can 
be studied on the oscilloscope screen as shown in Part I [2]. 

Let us now study Fig. 7 and look for some connection between the value of the 
critical field strength and the ability of the gases mixed to the nitrogen to form 
negative ions. At first we note that no negative ions are formed in N, [26] and the 
noble gases [18, page 460]. In hydrogen only very few negative ions are formed [27]. 
From Fig. 7 we see that the critical field strength in N, + A mixtures decreases, if 
the amount of the noble gas increases. The same is the case in N, + He mixtures 
(not shown in the figure). The decrease of the critical field strength with the amount 
of the noble gas probably depends on the fact that « is much greater in the noble 
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gases than in nitrogen [18, pages 530 and 533]. In N, + H, mixtures we find a small 
increase in the critical field strength with the amount of hydrogen. 

When gases that form negative ions are mixed to the nitrogen the critical field 
strength becomes greater. The attachment coefficient 7 is about 0.1 attachments/em 
at a pressure of 1 mm Hg in oxygen [2], 30], and in ammonia and nitrous oxide it is 
still greater [28]. This is in good agreement with the assumption that the increase 
of the critical field strength can be caused by the formation of negative ions in the 
streamer. 

In chlorine and hydrochloric acid gas 7 is greater than in ammonia and nitrous 
oxide [28], and we find that also the critical field strength is greater in N, + Cl, 
and N, + HCl mixtures than in N, + NH, and N, + N,O mixtures. 7 is very great in 
freon and CCl, (greater in CCl, than in freon) [28], and also the critical field strength 
is very high. Negative ions are formed in water vapour [31]. From Fig. 8 we see that 
the critical field strength increases with the amount of water vapour in the air. 

From the discussion above it seems very probable that the negative ions have a 
great influence on the critical field strength. However, it could be possible that this 
influence is restricted to the case where the gases that form negative ions are mixed 
to nitrogen. Therefore it is desirable to study the critical field strength in a gas 
mixture where the nitrogen is exchanged for another gas that does not form negative 
ions but in other respects is as different from nitrogen as possible. If we look for such 
gases we shall find that the noble gases are the most suitable ones. In these gases 
no negative ions are formed and as they are monatomic these gases behave in other 
respects quite different from nitrogen. Thus « is much greater in the noble gases 
than in nitrogen [18, pages 530 and 533]. 

The measured values of the critical field strength in argon-oxygen mixtures at 
atmospheric pressure are shown in Fig. 9. The general shape of the curve in Fig. 9 
is the same as in Fig. 6. The critical field strength increases in proportion to the 
percentage of oxygen, if this is lower than about 90 % but the values are less than those 
in Fig. 6. As regards high values of the percentage of oxygen, the difference is ex- 
plained by the different arrangements of the point and plane described above (Fig. 
4). However, this is not the case when the gas contains small amounts of oxygen, 
for, as was mentioned before, the different arrangements give rise to only a rather 
unimportant difference in the critical field strength, if this is low. This is what must 
be observed when we compare the critical field strength in A + O, mixtures (Fig. 9) 
with that in N, + O, mixtures (Fig. 6). 

A measurement of the critical field strength in an A + CCl, mixture was also made, 
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Fig. 9. H’ in A+O, mixtures as a function of the percentage of oxygen (atmospheric pressure). 


and H’ was found to be about the same as in a N, + CCl, mixture with the same 
percentage of CC\,. 

Consequently, it can be concluded that the influence of the oxygen on the critical 
field strength is the same whether it is mixed to nitrogen or argon. In the same way 
we find that the influence of the argon is about the same if it is mixed to nitrogen as 
if it is mixed to oxygen. Furthermore we can interprete the influence of the nitrogen 
as independent of the gas that is mixed to it (Fig. 7). This is in very good agreement 
with the hypothesis that the formation of negative ions in the gas must have a con- 
siderable influence on the critical field strength. 

From this study we see that the critical field strength and the electron attachment 
coefficient increase in the same order. Of course, this may be an accidental occurrence 
but if we try to calculate the probability of this we will find that this probability is 
rather small. According to the values of 7 we can divide the nine gas mixtures into 
six groups: (1) N,+ A and N, +H, mixtures, (2) N, +O, mixtures, (3) N, + NH, 
and N, + N,O mixtures, (4) N, + Cl, and N, + HCl mixtures, (5) N, + freon mixtures, 
and (6) N, + CCl, mixtures. Let us suppose that there is no connection between the 
critical field strength and the ability of the gases to form negative ions. If there was 
only one gas mixture in each group the probability that the critical field strength 
will increase in the same order as 7 would be 1/6! = 1/720. But in this case we have 
two gas mixtures in three of the groups and therefore the probability is smaller than 
1/720. As the gases have been chosen only according to the principle that they should 
not be too difficult to obtain, the calculation must be valid. Consequently, the 
probability of an accidental occurrence is very small. 

Now it would be of especial interest to know if the formation of negative ions can 
cause a field strength in the streamer that is of the order of the critical field strength. 
Of course it would be most satisfactory to make an experimental determination of 
the field strength owing to the negative ions but this surely is impossible. Hence, 
we must try to make a theoretical estimation, but before we can do this we must 
determine the charge produced per cm of the streamer and the velocity of the streamer 
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5. The velocity of the streamer tip and the charge produced per cm of 
the streamer 


In the calculations below we need numerical values of v;,/v,(l), where v; is the 
velocity of the streamer tip and v,(l) the drift velocity of the electrons. However, 
an experimental determination of v,(l) is impossible and we must confine ourselves 
by measuring v, and estimating v, (1) (see below, page 468). v, was measured and was 
found to be 1.3 x 107 cm/sec. The measurement was carried out by using a photo- 
multiplier in about the same way as described by Amin [12]. However, it was possible 
to expose the photomultiplier to the whole gap between the planes P and Q (Fig. 1). 
When the streamer reached the plane Q, there was a sudden increase in the photon 
pulse. The position of this on the oscilloscope screen was plotted against the distance 
between the planes P and Q (Fig. 1), and v, was determined from the slope of the line. 

The measurement of the charge produced per cm of the streamer is rather difficult 
because the electrons that are produced in the streamer rapidly reach the space in 
front of the point where they start avalanches. This means that the current is in- 
creased. Since in addition to the current from the streamers we have a current from 
the continuous discharge, a measurement of the charge of the streamer can only be 
made by measuring the voltage pulse due to the electrons. Moreover, it must be 
observed that if the length of the streamer is more than one or two millimetres, 
many of the electrons produced furthest from the point form negative ions and do 
not contribute to the electron pulse. Furthermore, as the drift velocity of the positive 
ions is about 100 times less than that of the electrons, the positive space charge 
formed in front of the point affects electrostatically the potential of the point. 

As the length of the streamers varies rather greatly with the composition of the 
gas, the arrangement shown in Fig. 4c was used for the measurement. The point 
was grounded via a resistance of 1035 Q and the cylindrical electrode was used as the 
cathode. The potential variation of the point was studied with a Tektronix 541 
oscilloscope with a sweep speed of 10 em/usec and a rise time of 10-8 sec. The charge 
of the streamer was determined by integration of the voltage pulse over the time of 
duration. Measurements made with streamers of less than 6 mm in length have given 
4-5 x 10-1° coulombs/em at 60% N, +40% O, and the same value has been ob- 
tained at 100 % O, (760 mm Hg). This means that about 3 x 10° electrons are produced 
per cm of the streamer. This value is lower than that reported by Kip [4] and Amin 
[12] (6-8 x 10° electrons/em) for pre-onset streamers, which is certainly due to the 
different shaping of the point and the smaller dimensions that are used here. This 
is in good agreement with Amin’s measurements, according to which the charge per 
em is less, the smaller the diameter of the point. Measurements have also been 
made in other N, +O, mixtures, and about the same value of the charge per cm 
as given above has been obtained. Of course, as mentioned above, the measured 
values can only give an approximate value of the charge produced per cm of the 
streamer. 

It is possible to determine the upper limit of the charge produced per cm of the 
streamer. The charge produced per second in the streamers must, of course, be 
smaller than the total current of the discharge. By measuring the total current, the 
number of the streamers formed per second, and the length of the streamers, it 


was found that the charge produced in the streamers is less than 8 x 10-10 coulombs/ 
cm. 
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As in the following calculations the streamers are assumed to propagate in a 
homogeneous field it would be desirable to know the charge produced per cm of the 
streamer in this case. A measurement of the number of streamers and the current 
to the plane @ (Fig. 1) does not give a correct value of the charge per cm of the 
streamer, because each time a streamer reaches the plane Q a number of electrons 
are emitted by it. In spite of this, such a measurement was performed and a correction 
was made for the charge emitted by the plane Q. In this way it was found that the 
charge produced per cm of the streamer must be less than 8 x 10-19 coulombs/em 
also in this case. 


B. THEORETICAL CALCULATIONS 


Outline of calculations 


As is clear from the experimental part, the critical field strength increases in the 
same order as the formation of negative ions in the gas. Therefore, it is to be ex- 
pected that the increase in the critical field strength is due to the formation of negative 
ions. However, a necessary condition for this is that the field strength due to the nega- 
tive ions formed in the streamer should be of the same order as the critical field 
strength. Below, two different calculations will be carried out. The purpose of these 
is to give information about the order of magnitude of the field strength due to the 
formation of negative ions in the streamer. 

In the first calculation (a), we start with calculating the number of electrons per 
em in the streamer as a function of their drift velocity. This is made (I) when no 
negative ions are formed, Eq. (2), and (IL) when negative ions are formed, Eq. (5). 
In the latter case also the number of negative ions formed per cm in the streamer 
is calculated and expressed as a function of the drift velocity of the electrons v, (I), 
the attachment coefficient 7 and the distance to the streamer tip 1, Eq. (4). It is 
then possible to obtain an expression for the total number of negative charges per 
em by adding the number of electrons and the number of negative ions, Eq. (6). 
The increase in the number of negative charges per cm due to the formation of nega- 
tive ions is now obtained as the difference between the total number of negative 
charges per cm when negative ions are formed and the number of electrons per cm 
when no negative ions are formed, Eq. (7). 

The field strength due to the increase of the number of negative charges must be 
compensated by an increase in the applied field, if the field strength in the streamer 
is to be the same when negative ions are formed as when no negative ions are formed. 
Consequently, we want to calculate the field strength due to the increase in the nega- 
tive space charge. Of course, it would be desirable to perform this for the general 
case—that is, without making any assumptions concerning the dependence of 
v, (1) on the distance to the streamer tip. However, this is impossible and in the fol- 
lowing calculations only the most simple case is treated—that is, when v,(/) is a 
constant independent of the distance to the streamer tip. 

In section 2 the field strength due to a cylindrical space charge is derived, Eq. 
(13), and in section 3 the result of this calculation is used to derive an expression for 
the field strength due to the increase in the negative space charge when negative 
ions are formed, Eq. (15). However, this expression contains v, and we must deter- 
mine what values of v, are probable in the streamer. The drift velocity of the electrons 
is determined by the applied field and the field due to the space charges in the 
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streamer. In section 5 the field strength due to the excess positive space charge 
is calculated and an expression for v, is derived. This is used in section 6 to calculate 
the field strength due to the increase of the negative space charge. This field strength 
is obtained as a function of the charge produced per cm in the streamer. It is calcu- 
lated for a number of different values between zero and infinity of the field strength 
due to the excess positive space charge in the streamer, Fig. 16. From these calcula- 
tions it can be concluded that the field strength due to the increase in the negative 
space charge must be of the same order of magnitude as the critical field strength. 

In section (b) another calculation is carried out. In this case we start by asking: 
How much must we increase the applied field strength if we want to maintain the 
same number of negative charges per cm of the streamer if negative ions are formed 
as if no negative ions are formed? If the negative space charge is to be the same in 
both cases the drift velocity of the electrons must be greater when negative ions are 
formed than when no negative ions are formed. The difference between the drift 
velocity of the electrons in the two cases can be expressed as a function of ve (1), 0, 
and l. In this case vz (1) is considered as an arbitrary function of /. As the drift velocity 
of the electrons is proportional to the field strength [17], the necessary increase H, 
in the field strength can also be expressed as a function of v, (lL), yn, and 1, Eq. (20). 
Since by definition the field strength due to the space charges in the streamer is the 
same when negative ions are formed as when no negative ions are formed the ex- 
pression for H, is of interest only if H, is small. However, E, is small only if 7 is small 
and consequently it is better to study (dH,/dn), 9 than H,. In the expression for 
(d E,/dy)n—0> v,(l) is substituted by suitable functions of / and numerical values of 
(d E,/dy),»9 are calculated. These are then compared with the experimentally deter- 
mined values for N, + O, and A + O, mixtures. 


(a) The field strength due to the increase of the negative space charge when 
negative ions are formed 


1. The number of negative ions formed in the streamer 


The number of negative charges per cm in the streamer will now be determined 
as a function of the drift velocity of the electrons. Let us assume that the streamer 
tip advances from left to right in Fig. 10 with constant velocity v,. Let us further 
assume that the velocity of the electrons v,(x) is only a function of the distance to 
the streamer tip x. The field strength varies with the distance to the streamer tip 
and therefore v,() varies as well. Suppose that the streamer tip has reached A at 
time t=0, A’ at time t=dt and B at time t = 7. If we direct our interest to the 
electrons that have not been attached to gas molecules or atoms we have: The electrons 
that were produced at A have reached C at time t = 7. The electrons that at time 
t = dt were produced at A’ are at time ¢t = T at CO’. Evidently the electrons that were 
produced between A and A’ have passed C’ but not C. The electrons that were 
produced at A’ have moved during the time 7 — dt. 


T-dt 
Hence the distance CA’ = J Ve (x): dt. 


0 


In the same way the distance 
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and (6). Weectione produced at A 


CA= { v,(x)-dt. 


0 


It is to be observed that x is a function of ¢ and consequently v,(x) is a function of t. 
The distance AA’ = v,-dt. But 
CC'=CA+AA'-C'A' 


T-adt 


r 
= |v, (x)-dt+uy-dt—f v,(x)-dt 
0 0 
=, (l):di+4,- dt. (1) 
If n, electrons are produced per cm in the streamer, the number of electrons produced 
between A and JA’ is ny-v,-dt. If the number of electrons per cm at C is N, if no 


negative ions are formed, we obtain 


Ue (1) +” 


N=n 


(2) 


where v,(l) is the drift velocity of the electrons at C if no negative ions are formed. 
From Eq. (1) and Fig. 10 we get CC’ =dl = (v,(l) + v,)-dt. Consequently, 


I 
dl dl 
tds oni Iprog Foe ite he oe 


0 


where 7' is the time during which the streamer tip has advanced from A to B and 
the electrons have moved from A to C. The distance CB is |. The distance CA can 
be written (J —v,:7') and consequently 


1 1 l 
dl at 5 Ut Ve (1) 
Gantm: | ra | ( alate einen spall 
0 


0 


At time t = 7 the electrons that were produced between A and C have either passed. 
C or formed negative ions. Therefore we can use Eq. (5) in Part I [2] when we calcu- 
late the number of negative ions, n_, per em of the streamer. This equation is 
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However, instead of the whole distance / to the streamer tip we must use the reduced 
distance CA. Therefore we get 


n_=n(1—e 7°) (4) 


Here 7 has been considered as a constant independent of the distance to the streamer 
tip. As 7 generally is dependent on the value of # /p, this is an approximation but 
it is necessary because otherwise the calculation would be too complicated. 

The total number of negative charges per cm of the streamer is the sum of the 
negative ions and the electrons. If no negative ions were formed, the number of 
electrons between C and C’ would be ny: AA’ = 9'¥;,'dt; but as a consequence of 
the formation of negative ions this is reduced to 


N°, adt-e 7, 
The number of electrons per cm at C is therefore 


Ng 2% date "* Y% 


Me elon = oaks (5) 


and the total number of negative charges 
l 
N (n)=n_+Ne=Nq (1-0 ent), (6) 


If no negative ions are formed in the streamer, the number of negative charges per 
em of the streamer is equal to the number of electrons per cm. This is given in Eq. 
(2) but can, of course, also be obtained by substituting 7 = 0 in Eq. (6). 

Let us now suppose that we have two streamers that propagate in two different 
gases that are exactly alike with the exception that negative ions are formed in one 
of them, (7, =7), but not in the other, (7, =0). Let us denote the drift velocity of 
the electrons in the gas where no negative ions are formed by vz (l) (at a distance 1 
from the streamer tip) and in the gas where negative ions are formed by », (1). We 
suppose that all other parameters are the same in both cases. The difference between 
the number of negative charges per cm in the streamer, if negative ions are formed 
and if no negative ions are formed is 


(7) 


N (n) — N (n=0)=n, ( Ve (I) Ve (L) en) 


ve(l)+y%, (1) +% 


If v,(l)=v, (l)—that is, if the field strength is the same in both cases—the 
difference is 


This means that the number of negative charges per cm is greater if negative ions 
are formed than if no negative ions are formed. But the increase of the negative 
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Fig. 11. The charge distribution in the streamer as 
a function of the distance to the streamer tip. v,/v, = 
= 2.0, qg=MN°e. 0 


0 50 100-102 


space charge gives rise to a field strength that has a negative value. The field strength 
is counted as positive if it has the same direction as the applied field strength. We 
have supposed that the field strength is the same in both cases. Consequently, the 
field strength owing to the increase of the negative space charge must be compensated 
by an increase of the applied field strength. Otherwise the field strength in the 
streamer cannot be the same in the two cases. 

As mentioned before, the drift velocity of the electrons must vary with the distance 
to the streamer tip (/) and it is very difficult to calculate v,(/) as a function of lL. 
Therefore, if we want to illustrate the influence of the formation of negative ions 
on the space charge distribution, we must choose v,(/) as some function of J. Let us 
start with the most simple case and assume that v,(/) is constant, independent of / 
—that is v, (1) =v,. Of course, this is a very crude approximation but if we choose a 
reasonable value of v, we can get a rather good understanding of the influence of 
the negative ions. 

If these assumptions are made the distribution of electrons and negative ions is 
illustrated in Fig. 11 (7 =76 cm~, which is the value for oxygen at atmospheric 
pressure, v,/v, = 2.0). At 1 =0 there are no negative ions and the electron density is 
No[v,/(ve + v;)] electrons per cm. If no negative ions are formed—that is, if 7 =0— 
the electron density is constant and equal to the value just mentioned, independent 
of the value of J. If negative ions are formed the electron density decreases with 1 
but the density of negative ions increases so rapidly that the density of negative 
charges increases according to the curve A—D. 

We are most interested in the increase of the number of negative charges owing 
to the formation of negative ions. This increase is given by Eq. (8) and consists of 
the part that lies above the line A—B (Fig. 11). The field, owing to this space charge, 
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counteracts the movement of the electrons and must be balanced by an increase | 
in the applied field, if the electrons are to have the same drift velocity as if no) 
negative ions were formed. ; 

In reality the drift velocity of the electrons is not constant. It is greatest in the head | 
of the streamer and it is comparatively low in the region just behind the streamer 
head. In the foremost part of the streamer head the field strength is so high that no 
negative oxygen ions can be formed, for if H/p is greater than about 90 volts/em 
mm Hg, these ions are split into electrons and neutral particles [29]. In the centre 
of the streamer head and in the region behind it the field strength is lower and 
negative ions can be formed. As in this part of the streamer the field strength decreases 
with the distance to the streamer tip, v, (/) decreases as well. Consequently, the space 
charge distribution differs from that shown in Fig. 11. This difference will now be 
discussed. 

From Eq. (8) it is clear that N (nj) —N(y =0) is positive for all positive values 
of v,(l). Eq. (8) does not hold for negative values of v,(/) but such values are improb- 
able in this case. N (7) — N (yn =0) is equal to zero, only if v,(1) equals zero. If J is 
constant (s is a function of J; see Eq. (3)), N(7) — N (my = 0) increases with increasing 
values of v,(l). As the value of v,(l) in the centre of the streamer head must be much 
greater than the value used in Fig. 11 (this value of v, is obtained if the field strength 
is about 7 kV/cm, atmospheric pressure), N (7) — V (y = 0) must increase more rapidly 
with / than in this figure. This means that the increase of negative space charge owing 
to the formation of negative ions is rather important in the back part of the streamer 
head. In the region just behind the streamer head, v,(l) is probably somewhat 
smaller than the value used in Fig. 11. However, N(y) — N(yn =0) decreases more 
slowly than »,(l)/[v,(l) + v;] for the high values of v,(l) at small distances to the 
streamer tip increase the factor (1 —e-"*) at great distances to the streamer tip. 
Consequently, the increase of the negative space charge owing to the formation of 
negative ions in the streamer must be of the order of that shown in Fig. 11. Of course, 
this makes the removal of the electrons from the streamer head more difficult than 
if no negative ions are formed. 


2. The field strength owing to a cylindrical space charge 


In order to get a quantitative estimation of the field strength in the streamer, 
the field strength due to a cylindrical space charge will be derived. For simplicity 
the space charge density will be considered as constant in radial direction in the 
streamer. Furthermore, the field strength will be calculated only for points on the 
axis where the radial component equals zero. 

Let O-Q be the axis of the cylindrical space charge A, B, D, C (Fig. 12). It is 
assumed that the charge density g (charge per unit length of the streamer) is constant 
between A and B. From B to C it decreases linearly to zero. The distances are 
AB=L, BD=DC=b/2. Let us assume a ring-shaped space element with the 
radius r, the breadth dr, and the length dx. The field strength is calculated for the 
point P at a distance a from D. The distance from P to the centre of the space element 
is x. The charge dq of the space element contributes to the field strength with 


d 
E = OC 
s cos #, (9) 
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Fig. 12. Figure for the derivation of Eq. 13. 


where d is the distance between P and the space element, and # is the angle between 
the axis O-Q and the direction to the space element. But we have 


2rd ——— 
dq=q- 5, dz, d=Vr2 + 22, cos P=", 


where q is the charge per unit of length (q is a function of x), and R is the radius 
of the cylinder. The expression (9) can be written 


» tal 2rdr cc aa 
~ Ann 2 R2 (a2?+r2)t 


dE 


and the field strength is 


t=Lia+}b r=R 


*xXarax 
After intergration of (10), we have 
; r=L+a+}b 
t=a-}b 


which gives the field strength if a > 4b—that is, if P is situated outside the space- 
charge. The expression within the parenthesis is correct only for positive values of z. 
The value of ¢ is 


q=% ifa>at+}b, 
I="; [e—(a—4b)] ifa—}fb<x<at+ hb. 


If these values of g are used in (11), we obtain 
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z=L+at+}hb 
q ji | a+ 
1 Dae Ras” VR2+ 22 
r=a+}b 
r=a+}4b 
x 
rh 5 | [so 30)  - aa 
r=a-}b 


When this expression is integrated we find that the influence of Z on the value of 
E, is unimportant, if L>a and R. For simplicity let us assume that L is infinite. 
Then we have 


RE vy a+b aX a—%4b 
+ 4b2% Fieeacew es areETS VR2+ (a—4b)2+ (a—4b) 


| . (12) 
b 


which holds if 
a2>%3b andL>aand R. 


A derivation of the field strength for other points on the axis OQ shows that Ey 
is symmetric with respect to point D on the axis. This is the reason for the choice 
of a as the distance DP and not CP. We find that the field strength can be written 


grew (a+ $0) Y (a= 38) 5 

* 4baxy [VR2+(a+4b)2+(a+4b) VR?+(a—4b)?+|a—40| 
in Pea ies) aa 
VR2+(a—4b)?2+(a—}b)1 


where |a — 36| is the absolute value of (a — $b). The equation holds for a> 0, and 
therefore a is considered as positive in both directions. 


3. The change in the field strength owing to the formation of negative ions 


We shall now calculate the change in the field strength owing to the formation 
of negative ions, if v, (1) is considered as a constant independent of the distance to 
the streamer tip. The increase in the negative space charge owing to the formation 
of negative ions is given by Eq. (8). The change in the field strength owing to this 
change in the space charge is obtained, if the value of q corresponding to Eq. (8) is 
substituted in Eq. (11). However, in this case one obtains an equation of the type 
JU — /(R? + 22)? ]e**da, which cannot be solved exactly. For simplicity, an approxi- 
mation will be made as follows. Let us assume that the space charge does not vary 
exponentially as in Eq. (8) with the distance to the streamer tip but according to 
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E>/a, (V/coulomb) 
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Fig. 13. The field strength due to the increase of the negative space charge, if negative ions are 
formed (cf. text). At the top of the figure the streamer is shown in correct proportions. 


n oats ; Ve t+ Uy 
= .-——¢ . <(<1.5 —— 
I=%' 75 (—"} lL, if 0O<I<1.5 ae (14a) 
v Vet V 
a 2 == if > a i: 
q=% cee, gq, if 121.5 a (14b) 


where q is the total charge produced per unit length of the streamer. This means 
that the charge rises as the straight line AF in Fig. 11 instead of as the curve AD. 

The value of the field strength H, is obtained by substituting b = 1.5[(v, + v,)/nv] 
and q, = q2 in Eq. (13). As 7 increases with the partial pressure of oxygen, the smallest 
value of b in a N, +O, mixture is obtained at 100% O,. According to [21, 30] 
7” = p(Oz):0.10 em- at the #/p values that can be expected to occur in the streamer 
(about 10 volts/em mm Hg). If we assume that v,/v, = 2.0 and p(O,) = 760 mm, we 
have 6 = 60 x 10-3 cm. This is the lowest value of 6 to be expected in O, + N, mix- 
tures. As v; is somewhat greater than 107 cm/sec (see page 458), v,/v, = 2.0 corre- 
sponds to a field strength of about 7 kV/cm, for v, = k- LH, where k is the mobility [17]. 

Fig. 13 shows the calculated value of #,/q, for 6 = 60 x 10-3 em and R =2 x 10-3 
em. This value of R has been chosen because according to Fig. 3, Part I, the diameter 
of the streamer cannot exceed 10 x 10-% cm, but is probably much smaller. It is 
rather improbable that the diameter is less than 1 x 10-3 cm for in this case the 
radial field strength would be of the order of 100 kV/cm. If q, equals 10~!° coulombs/ 
em, FE, is of the order of 10 kV/cm, which is of the same order as the critical field 
strength. As mentioned above, the charge produced per cm of the streamer, qo, 
is about 4 x 10-19 coulombs/em, which gives g. = 1.3 x 10-1° coulombs/em if v,/v, = 2.0. 

In order to make clear that the field strength is appreciable in a “large” part of 
the streamer, the ‘“‘streamer” is shown in correct proportion at the top of Fig. 13. 
The length of the high field region equals b and must be of great importance for the 
drift velocity of the electrons. If no negative ions are formed, this field strength is 
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absent. As a comparison it may be mentioned that the essential ionization in the : 
streamer head must occur in a region smaller than 10 x 10-* em (see below, Fig. 15). 
As the maximum in Fig. 13 is rather broad, it is sufficient to determine the maxi- 
mum value when we want to study the field strength as a function of 7, i.e., we 
can substitute a =0 in Eq. (13). Furthermore, the values of } that will be used are 
> 60 x 10-3 cm, ie. b> R. Hence the equation can in this case be approximated to 


ae 1.5 (142) 
2 YI 2 14+2I1n ant ee : (15) 
ty WAP agile (1+) | d 


e 


q, and b of Eq. (13) have been substituted by qo[v./(v. + v)] according to (14b) and 
1.5[(v, + v,)/nv%e], respectively. As is clear from Eq. (15) E, / is greatly dependent 
on the value of v;,/v,. 


4. Determination of v;/ve 


As described above the velocity of the streamer tip v, was experimentally deter- 
mined and its value is 1.3 < 107 cm/sec. The value of v, cannot be measured directly, 
but we can determine it if we know the field strength and the mobility of the electrons. 
The field strength in the streamer is the sum of the applied field and the field due to 
the space charges in the streamer. The space charges can be considered to be a posi- 
tive space charge with the charge qo[v./(v. + v;)] per unit length (cf. Fig. 11) and a 
negative space charge according to Kq. (14a, b). (qo[v./(v. + v;)] is the excess positive 
space charge if no negative ions are formed). Of course, besides these there are another 
negative and another positive space charge (see Fig. 11, the charge below the dotted 
line A B), but these balance each other and can be excluded as long as the field 
strength is concerned. 

The field strength due to the positive space charge can be written 


Ve 
> 
Vet % 


Ey =X-qQ-° 


where X is a constant that is dependent on the distance to the streamer tip. The 
value of X is determined by Eq. (13), X = £,/q,. According to [17] the drift velocity 
of the electrons is approximately proportional to Z /p and consequently we can 
write 


0, = k(E" — H+ i), 


where & is the mobility, EH’ the applied field strength, E, the field strength owing to 


the negative space charge, and E, the field strength owing to the positive space 
charge. Hence 


Ve=k |B’ B,+X-qy-- “| . 
e t 


If this equation is solved for v,, we obtain 
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Fig. 14. The drift velocity of the electrons as 
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As v, is known, v,/v, can be determined as a function of X qo. But first we must choose 
a value of (H’ — H,). As we have assumed the field strength due to the increase in 
the negative space charge to be compensated by an increase in the applied field 
strength, the value of (H’ — #,) is the same if negative ions are formed as if no nega- 
tive ions are formed. Consequently, we can calculate v, for the case when no negative 
ions are formed. In this case #, equals zero and (H’ — £,) is equal to the measured 
critical field strength. This is the case in a mixture of nitrogen and a few per cent 
of argon but also in mixtures of nitrogen and very small amounts of CCl, or freon. 
As is clear from Fig. 7, the critical field strength is 3.0 kV/cm in these mixtures. 
As this value is reached asymptotically from both above and below, it is reasonable 
to conclude that if streamers were formed in a mixture of nitrogen and some per cent 
of oxygen, the critical field strength would be 3.0 kV/cm at a pressure of 760 mm Hg. 

The values of v, and v;,/v,, calculated from Kq. (16), are shown in Fig. 14. The values 
employed in the calculation are v,=1.3 x 107 cm/sec, (#’— #,) = 3.0 kV/cm, and 
k =8.3 x 102 em2/volt-sec, which is the mean value of & for nitrogen and oxygen at 
atmospheric pressure [17]. As is clear from Fig. 14, v, increases rather rapidly with 
Xq, and v,/v, decreases correspondingly. 
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According to Eq. (16), ¥;/v. is a function of Xq, and according to Kq. (15), H, 
is a function of q, and v;,/v,. Hence EZ, is a function of X and gy. As was mentioned 
above, the measured value of g, 4-5 x 10-1 coulombs/cm, is rather uncertain, but 
we know that gq, is less than 8 x 10-!° coulombs/cm. Therefore the best way to 
determine whether there is agreement between the hypothesis and the experiments 
is to determine the value of q, from Eqs. (15) and (16), using the measured value of 
E,, ie. E’. But first we must determine the values of X for the regions of interest 


in the streamer. 


5. The field strength due to the excess positive space charge if no negative ions 
are formed 


From Fig. 11 it can be seen that if no negative ions are formed the excess positive 
space charge is qg[v,/(v. + ¥;)]. This value will now be represented by q,. It is assumed 
that gq) and v;,/v, are constant, independent of the distance to the streamer tip. 
Then, of course, the field strength is determined by Eq. (13) and X equals L,/q,. 
In this case the value of 6 must be rather small—that is, of the same order as R— 
because almost all the positive ions are formed in the head of the streamer. The 
calculated values of H,/q, are shown in Fig. 15 as a function of the distance to the 
streamer tip. It must be observed that we have a high field within a comparatively 
small region only and that the different values of R and 6 affect the field strength 
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Fig. 15. The field strength due to a cylindrical space charge with the radius R. 
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only in this small region. At a distance of 6 x 10-3 cm from the streamer tip the 
value of H,/q, is about the same as the maximum value of H,/q, in Fig. 13. 

At the tip of the streamer the field is high. Therefore, if negative ions are formed, 
their effect on the field strength must be rather unimportant in this region. But 
at a distance greater than about 6 x 10-3 cm from the tip the field due to the nega- 
tive ions is of the same order as the field due to the positive ions, and the applied 
field is of considerable importance for the drift velocity of the electrons. Therefore, 
the largest value of X to be used in the determination of qj is about 1.0 x 1014 
volts/coulomb. At a distance of 30 x 10-3 cm from the tip, where £,/q, has its maxi- 
mum (in oxygen) (Fig. 13), X is only 0.3 x 1014 volts/coulomb; at 40 x 10-3 em it is 
0.2 x 1014 volts/coulomb. At greater distances it decreases rather slowly. 


6. The value of q, and the critical field strength for oxygen 


Let us consider the case of oxygen. According to [21, 30] 7 is greatly dependent 
on the value of H/p, but let us assume that 7 equals 0.10-p em~ (p is measured in 
mm Hg), which corresponds to a value of E/p of about 10 volts/em-mm Hg. The 
value of E/p can be expected to be of this order at atmospheric pressure, otherwise 
the removal! of electrons from the streamer head would not be sufficient to maintain 
the necessary positive space charge. Consequently, 7 in Eq. (15) is substituted by 
76 cm}. 


nN 
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14 
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Fig. 16. The field strength due to the increase of the negative space charge when negative ions 
are formed. The field strength is shown as a function of gq, for different values of X (ef. text). 
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We can now determine E, as a function of qo for different values of X. The chosen 
values of X are 1.00, 0.75, 0.50, 0.40, 0.30, 0.20 and 0.10 x 1014 volts/coulomb. These 
values of X are substituted in Eq. (16) and we can obtain v,/v, as a function of qo. 
v,/v, is substituted in Eq. (15), and #, can be determined. The result of the calcula- 
tion is shown in Fig. 16. The values of q, that give a field strength of the order of 
the critical field strength are 2-6 x 10-1° coulombs/cm. For the sake of completeness 
graphs have also been drawn for X =co and X =0. 

As is clear from Fig. 6, the critical field strength for oxygen is 14.2 kV/cm at 
atmospheric pressure. If no negative ions were formed in oxygen the value of H’ 
would probably be about the same as for nitrogen, viz. about 3.0 kV/cm. Hence, the 
increase in the critical field strength due to the formation of negative ions must be 
11 kV/cm. The lowest possible value of gq, that can give rise to this field strength is 
0.45 x 10-29 coulombs/em. It must also be observed that this lowest value of gy 
is independent of the value of k in Eq. (16), because the graph for X =o is the same 
for all values of k (with the exception, of course, of k = 0). In the same way we can 
conclude from the graph for X =0 that g) cannot be much greater than 10 x 10-1? 
coulombs/em; but this value of gq» is not independent of k. It is lower the higher 
the value of k, and as the employed value of k (8.3 x 102 cm?/volt-sec) is lower 
than the real value for oxygen (10 x 102 cm?2/volt-sec) [17], 10 x 10-1 coulombs/em 
must be regarded as an upper limit. This is in good agreement with the experiments 
according to which g) must be less than 8 x 10-1 coulombs/cm. 

As it has been necessary to make several approximations in the calculations, there 
is no point in trying to determine an exact value of q). The conclusion to be drawn 
from these calculations is that also quantitatively there seems to be a very good 
agreement between the results derived from the hypothesis and the values measured 
experimentally. 


(b) The field strength necessary for maintaining the same space charge in the 
streamer if negative ions are formed as if no negative ions are formed 


In the calculation above it was assumed that the drift velocity of the electrons 
was constant, independent of the distance to the streamer tip. As this is a rather 
crude approximation it is necessary to make a calculation also for the case where 
the velocity varies with the distance to the streamer tip. The following calculation 
will be made in quite another way than that made above. Only the first seven 
eqations are the same. It is to be observed that the only approximation that has been 
made in deriving Eq. (7) is that we have assumed 7 to be a constant, independent of 
the distance to the streamer tip. Eq. (7) gives the increase in the negative space charge 
owing to the formation of negative ions. The drift velocity of the electrons is denoted 
by v- (1) if no negative ions are formed and by »,(1) if negative ions are formed. The 
expression for s is obtained from Eq. (3). 

Now we shall calculate the increase of the applied field strength necessary to main- 
tain the same space charge density if negative ions are formed as if no negative ions 
are formed. If the space charge density is the same in the two cases, the field strength 


owing to this must also be the same. The space charge is the same if in Eq. (7 
N (n) — N(n =0) =0, ice. q. (7) 


Callen walt Me Omran 
oy, Pes age ann (17) 
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is positive, v,(J) must be greater than v; (I), i.e. the drift velocity of the electrons 
must be greater if negative ions are formed than if no negative ions are formed. 
Tf vy, (1)/[v. (1) +4] is denoted by z and x (I)/[ve (1) +u;] by y, Eq. (17) can be 
written (in logarithmic form) 
1 


Ine=- | 2-dd=Iny. (18) 


0 


As the field strength owing to the space charge is the same in both cases the increase 
in the drift velocity of the electrons when negative ions are formed must be caused 
by an increase in the applied field strength. The drift velocity of the electrons can 
be considered as proportional to the field strength [17]. Therefore the necessary in- 
crease in the applied field strength can be written H, = (1/k) . (v.(l) — ve (l)), where k 
is the mobility. As we have no negative ions in the streamer when the drift velocity 
of the electrons is v; (1), it is better to express H, as a function of v;(l) and 7 than to 
express it as a function of v,(l) and 7. Consequently, we must try to write Eq. (18) 
in another form. Fortunately, this is possible as the equation 


2=—__f— (19) 
l—nfy-dl 
0 
is equivalent to Eq. (18). By using Eq. (19) we obtain 


1 
wy fy-dl 
0 


+ (Ve (1) — ve (1)) = (20) 


1 
k(l—y) (l-y—9 | y-dl) 
0 


In the general case y is a function of / and consequently #, is a function of / as 
l 

well. H,=0co if (1 —y—n|y-dl) =0, but this has no physical meaning, for the 
0 


conditions on which Eq. (20) is built do not hold for very high values of the field 
strength. Eq. (20) is of interest only if the field strength #, is comparatively small, 
for it should be observed that the difference of the field strength in the streamer 
between the case where negative ions are formed and the case where no negative 
ions are formed is equal to H,, if the space charges are the same in both cases. This 
means that the results derived from Eq. (20) should be compared with the critical 
field strength only for small values of 7. However, this disadvantage is compen- 
sated by the fact that the radius and the charge produced per cm of the streamer do 
not appear in the equations. 

The increase in the critical field strength owing to the formation of negative ions 
is equal to H, only if H,-0. Therefore, it is better to compare (d £;/d7),9 with 
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Fig. 17. E/« as a function of H/p for nitrogen, 
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the experimentally measured value of (AH’/Ay) that can be obtained from Fig. 6 
than to make a comparison between #, and EH’. From Kq. (20) we obtain 


1 
fy-dl 
ant EY, 0 (22a) 
: (l—y—nf y-dlp 
0 
1 
dK v y 
d =) =. fxca 22b 
a (a, n-o0 & (1-y? J Zs (224 


Unfortunately, we do not know v;,(l) as a function of J. However, as Eq. (22b) is 
so simple we can calculate (d #,/dn),_» for a number of cases where different func- 
tion v.(l) are used. Before this calculation can be made it is necessary to know 
something about what functions of v,(l) should be used. It is for example improb- 
able that v,(1) would vary as v,(l) =C-l, where C is a constant. A more probable 
example is v,(l) =1)/(l/+.A), where J, and A are constants. But what value of J, 
should be used? It is possible to ascertain this if we can estimate the energy that 
an electron must derive from the field in the streamer head. 

As all the ionization by electrons must occur in the streamer head and just in front 
of it, the energy that an electron derives from the field in the streamer head must 
be at least some times that necessary to form an ion pair. This energy is greater than 
the ionization energy of a molecule, since the electron loses part of its energy by 
other processes than ionization. If « is known as a function of E/p it is possible 
to calculate the mean energy that an electron derives from the field for each ion pair 
formed. When an electron moves a distance dl, «-dl ion pairs are formed. But the 
electron derives the energy e-H-dl from the field and consequently the energy 
e-H/« is used for producing one ion pair (here e is the electronic charge). 

Several measurements of « have been made in oxygen, nitrogen and air [21-25]. 
In Fig. 17 the values of #/« calculated from these «-values are shown as a function 
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of H/p for O, Nz, and air. From Fig. 17 it is seen that an electron must derive 
about 100 electron volts from the field for each ion pair, if H/p is about 100 volts/em 
mm Hg—that is, if the field strength is about 76 kV/cm at atmospheric pressure. 
Consequently, if an avalanche that is not too small is to be formed, the energy that 
the electron derives from the high field region in the streamer head must be at least 
300-400 electron volts. The result of this discussion will now be used for choosing 
suitable functions of 1; (1). 

If the drift velocity of the electrons is v;(l), the field strength can be written 
E =v, (l)/k [17]. The potential difference between the tip of the streamer (J =0) 
and that part of the streamer where / = Ly is 


AVE (2 dl. (23) 


As usual / is the distance to the streamer tip. As the ionization is very small if the 
field strength is lower than 25 kV/cm [21-25], the electron must derive about 400 
electron volts in that part of the streamer where the field strength is greater than 
25 kV/cm. Otherwise an avalanche cannot be formed. 

Let us now assume that the drift velocity is given by 


ve (I +; (24) 
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where /,, A, and vy are constants. v, is the drift velocity at great distances from the 
streamer tip—that is, it is completely determined by the applied field. The constant 
A has been inserted only to give v,(l) a reasonable value at the streamer tip (/ = 0). 
The value of J, will be chosen so that the potential difference between the streamer 
tip and that part of the streamer where the field strength is 25 kV/cm is 400 volts. 
Let us suppose that the distance from the streamer tip to this part of the streamer is 
L,. Then we obtain 
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Fig. 19. (dE3/dy)n-0 as a function of J. 
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If we substitute k = 8.3 x 10? cm2/volt-sec [17], v,=1.3 x 107 cm/sec, A =2 x 10-3 
em and vy = 2.5 x 10® cm/sec (the drift velocity if the field strength is 3 kV/cm), 
we obtain Ly = 8.4 x 10-3 cm and /, = 1.46 x 10-2 cm. The greatest value of the 
field strength is in this case about 115 kV/cm (see Fig. 18). 

As mentioned above, negative ions cannot be formed if the field strength is greater 
than about 70 kV/cm [29]. Consequently, no negative ions can be formed in the 
region just behind the tip of the streamer, but at distances from the streamer tip 
greater than 1.42 x 10-8 cm the field strength is lower than 70 kV/cm. Therefore, 
when we use Eq. (22b) to calculate (d H;/dy), 9, the integration must be carried 
out not between the limits 0 and 1 but between / = 1.42 x 10-8 em and J. The values 
of (dE;/dn),_9 obtained in this way from Eq. (22b) are shown as a function of | 
(the distance to the streamer tip) in Fig. 19 (curve a). 

If the same calculation is carried out with the assumption that 
Uj 


v% (l)=y, G+ apt (26) 
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we obtain /, = 8.28 x 10-3 cm and find that the field strength is 70 kV/cm at a distance 
of 2.0 x 10-8 em from the streamer tip (Fig. 18). The values of (d E,/dy),_» calculated 
in this way are also shown in Fig. 19 (curve b). These values are lower than those 
obtained above but they are of the same order of magnitude as the value determined 
experimentally. This can be obtained from Figs. 6 and 9 and is about 150 volts. It is 
shown by the dotted line in Fig. 19. The full line d shows the value, if vj (1) is con- 
sidered as a constant equal to $v, = 6.5 x 108 cm/sec. The two functions of v; (1) used 
above for calculating (d H;/d7),_9 have been chosen because they give a field strength 
in the streamer that decreases with the distance to the streamer tip in about the 
same way as the functions shown in Fig. 15. As is clear from Fig. 19 all the values 
of (d H;/dy),_9 are of the same order of magnitude as that determined experimentally. 
However, we have only studied some special cases and as we do not know exactly 
how v,(l) varies with | we can only conclude that it seems very probable that the 
formation of negative ions has a great influence on the critical field strength. 


C. DISCUSSION AND CONCLUSIONS 
1. The critical field strength for 0, +N, mixtures 


Even if it is accepted that the increase in the critical field strength with the per- 
centage of oxygen is caused by the formation of negative ions, it is rather difficult 
to account for the details as the critical field strength can be measured much more 
exactly than many of the other quantities in Eq. (15). Besides, 7 is known only for 
nitrogen, air and oxygen. No measurements have been made in other mixtures of 
nitrogen and oxygen. We would expect 7 to be proportional to the partial pressure 
of oxygen, but this is not the case [21]. For nitrogen 7/p equals zero, for air it is 
less than 0.005 (em-mm Hg) and for oxygen it is 0.10 (em-mm Hg)-!. If there 
were a linear relation between 7/p and the percentage of oxygen, 7/p for air would 
be 0.02 (em-mm Hg)-!. As no measurements have been made in the range between 
air and oxygen we do not know if 7 varies linearly or if there are any irregularities. 

As 7/p has a low value for air, it is to be expected that it is low for all mixtures 
with lower percentage of oxygen than air. Hence, if streamers were formed in these 
mixtures the increase in the critical field strength with the percentage of oxygen 
would be small. The variation of the critical field strength with the percentage of 
oxygen is shown in Fig. 6. The uppermost graph gives the values at atmospheric 
pressure. For percentages of oxygen lower than 92 it is a straight line. We know 
that the critical field strength is 3.0 kV/cm for nitrogen (Fig. 7). However, the ex- 
tension of the straight line does not intersect the ordinate at 3.0 kV/cm, but at a 
lower value. As it is improbable that if streamers were formed in this range the 
critical field strength would be lower than 3.0 kV/cm, the extension of the line can 
have no physical significance. It is to be expected that the critical field strength 
would be slightly larger than 3.0 kV/em and vary somewhat like the dotted curve 
(Fig. 6). However, this divergence from the linear relation is explained in a simple 
manner by the hypothesis. As 7 increases slowly in the range 0-20% oxygen, H, 
must also increase slowly, and consequently the increase of the critical field strength 
must be rather small. At higher values of the percentage of oxygen 7 must increase 
rather rapidly, and this is also the case with the critical field strength. If the per- 
centage of oxygen is higher than 92, the critical field strength decreases somewhat; 
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but as we do not know how 7 varies with the percentage of oxygen, it is impossible 
to decide whether this is caused by a variation of 7 or by any other process. 

If the percentage of oxygen in a N, + O, mixture is constant, E’ is approximately 
proportional to the pressure of the gas mixture. Therefore, the variation of the 
critical field strength with the pressure (Fig. 5) agrees very well with the assumption 
that the increase of the critical field strength is caused by the formation of negative 
ions. Of course, we must observe that also other factors that can have a certain 
influence on the critical field strength are dependent on the pressure. However, as 
has been shown above, this influence must be rather small compared to that of the 
negative ions. 


2. Conclusions 


From the foregoing account it is evident that all but one of the processes that may 
give rise to the great variation of the critical field strength must be rejected in a 
qualitative study. In a more detailed quantitative study it was found that the nega- 
tive ions formed in the streamer can be expected to give rise to a field strength of 
the same order as the critical field strength. 

A complete explanation of the dead time of the positive point streamer corona 
can now be given. In Part I of this investigation it was shown that negative ions 
formed in the streamer prevent the streamer formation when they reach the posi- 
tive point. As long as negative ions or electrons arrive at the point, no streamer can 
be formed. In this paper it is shown that the field strength necessary for the 
propagation of the streamer (the critical field strength) is dependent on the ability of 
the gas to form negative ions. The greater this ability is—that is, the larger 7 is— 
the greater the critical field strength. 

Let us now consider the case of the corona hygrometer [1, 2]. By point-to-plane 
geometry the field strength decreases with increasing distance to the point, and 
consequently the streamers are shorter the larger the value of 7. As 7 for air varies 
with the amount of water vapour [31]—that is, the greater the relative humidity 
(constant temp.) the greater the value of 7—the streamers are shorter in air of high 
humidity than in air of low humidity. Consequently, the dead time is shorter and 
the number of streamers formed per second greater, the higher the relative 
humidity. Thus, the variation of 1 with the humidity of the air explains why the 


dead time t) (Eq. (4), Part I) is less at high values of the relative humidity than 
at low. 
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